Results and analysis of blade vibration measurements on a high pressure ratio/high mass flow centrifugal compressor made with strain gages and using multichannel telemetry are described for compressors with 3 different types of vaned diffusers. Considerable high frequency blade excitation and vibration of the shallow region near the impeller outlet were observed. Initial progress to predict this dangerous excitation caused by the diffuser vanes was made with the help of FE computations using a simplified element system consisting of the vibrating zones of a 90 sector of the impeller. Satisfactory agreement with measured vibration data was achieved.
Introduction
Blade vibration is a dangerous effect in the operation of advanced centrifugal compressors, and has to be considered in the stress design. A broad research program has been implemented at the Institute of Turbomachinery, Hannover to study this problem. The work was concentrated on acquiring fundamental information on the intensity of blade vibration during operation of compressors, on excitation mechanisms, and on evaluation of the different excitation phenomena.
A considerable amount of preparatory work, described in detail in /l/, was necessary before blade vibration measurements could be made and to make the measurements described in this paper. Blade frequencies, blade modes and the stress distribution of vibrating radial blades in different modes were computed using the FE method. The results obtained were confirmed by vibration tests at rest using strain gages and a sound pickup. Additional vibration tests were carried out to determine the damping properties of the blade and of the whole impeller. An 8-channel telemetry system with an inductive power supply was installed to allow tests on the compressor in operation; the reliability of the telemetry system was demon»trated up to the maximum rotational speed of about η * 22000 rpm.
Initially, blade vibration measurements on operating compressors were carried out to investigate the extent of blade excitation due to the non-uniformity of the flow downstream and upstream of the impeller. Responses of the radial blades to other excitation phenomena are the subject of this paper, which is completed with theoretical investigations of impeller vibrations and additional optical measurements on the operating compressor.
Blade Excitation Due tp Diffuser Vanes
The results of blade vibration measurements on a compressor with a vaneless diffuser demonstrated its influence on blade excitation of the flow range downstream of the impeller. Accordingly, compressors with other common geometrical configurations in this zone, such as diffuser vanes, were also investigated. Blade vibration measurements were carried out on compressors with three different types of vaned diffuser, each with 19 vanes. The location and the vane shapes of these diffusers are shown in Figure 1 . Whilst the cambered vane diffuser and the straight channel diffuser have constant blade angles over the channel width, the inlet angles of the twisted diffuser have been matched according to the flow conditions in this zone.
Blade Vibration at Constant Rotational Speed and Various Throttle Valve Positions
Results of blade vibration measurements at constant The use of different vaned diffusers causes slight displacements of the compressor characteristics, especially the surge line and the choke line. At low values of rotational speed, the vibration effects observed for the cambered vane and for the straight channel diffuser were similar to those determined on the compressor with the vaneless diffuser. This indicates an increase of blade excitation at lower values of mass flow due to stall effects in the compressor inlet and stable reverse flow in the inlet tip region, resulting in a decrease of blade vibration. This vibratory behavior could not be observed on the compressor with the twisted diffuser where -away from resonance points -generally lower values of blade vibration stress amplitude were obtained, as for the other two diffuser configurations, too. The use of the twisted diffuser permits operation at higher mass flow rates, and the surge line too is shifted to the right in the compressor chart in comparison to the characteristics for the other two diffusers. For all tested diffuser configurations and at rotational speeds above η = 12000 rpm, only a slight increase of blade excitation was observed before compressor surge took place. The occurrence of rotating stall directly adjacent to the surge line, which is the reason for the increase of blade vibration in this zone mainly in the speed range of η = 10000-14600 rpm and visible in Figure 2 , was considered in a special investigation described below.
Blade Vibration with Increasing Rotational Speed at Constant Throttle Valve Position
Very interesting results of blade vibration measurements for two blades are plotted in Figure 3 , obtained with the compressor with the cambered vane diffuser. As indicated in /2/ and /3/, significant resonance peaks of blade No. 1 are observable at η = 5400 rpm; this is due to an excitation of the first blade mode by the diffuser vanes. Very unusual and unexpected is the resonance vibration near η = 18000 rpm with maximum stress amplitudes of nearly e «= 1.0 mm/m, equivalent to a material strain of a = 70 N/mm. Results of measurements in the speed range of the occurrence of this resonance are shown in Figure  4 ration in the stress design of radial blades. A vibration test at rest using holographic interferometry was carried out by taking an interferogram of the impeller excited at f « 5500 Hz in order to get more information on the causes of this high blade frequency excitation. In this interferogram, shown in Figure 6 , the stripes that are very close to each other correspond to large displacements during the vibrational motion, and vice versa. With respect to blade vibration, two different modes can be observed; FE calculations and a comparison of the mode shapes showed that they were the VIII and IX blade modes. The main indication of this interferogram is the obvious occurrence of strong vibrations of the shallow ring section at the impeller outlet, with large displacements between the different blades. Obviously, the excitation of blade frequencies in the mentioned range is mainly due to an excitation of a natural frequency of the impeller ring section. The blades take part in this vibration in the same frequency range and are excited at the blade outlet by the motion of the ring section. It has already been mentioned that mode shapes of the blades in high frequency ranges are characterized by strong displacements of the blade outlet zone, which in the present case is due to interactions between blade and ring regions.
Investigation of Blade Flutter
Blade flutter has turned out to be a very dangerous vibrational phenomenon on axial compressor signified by low values of blade thickness. Measurements with respect to this problem on radial compressors with thin blades should indicate whether blade flutter will be observable on radial blades too when the blade thickness is reduced. When running the compressor in operating ranges where flutter is known from axial compressor research as described in /4/, no clear indications of blade flutter resulted.
Additional measurements concerning this problem were carried out by recording the pressure fluctuations in the impeller region while the compressor was operating at a high frequency blade resonance point (Figs. 3 and 4). Results described in /3/ indicated no influence of the vibrating blades on the flow characteristics and none of the interactions between flow and blade which are necessary for the occurrence of flutter.
Blade Excitation Due to Rotating Stall Cells
Experience with axial compressors has shown that The results in Figure 9 show the occurrence Qf rotating stall at very different rotational speed ranges, according to the type of diffuser used. Very different conditions were also obtained with regard to the 
FE Calculations with Respect to Vibration of the Whole Radial Impeller
A detailed analysis of high frequency blade excitation of the diffuser vanes of a compressor in operation was accomplished by means of holographic interferometric measurements made on an impeller at rest. Figure 1 shows typical results.
The results show strong interactions between blade vibration in this frequency range and vibration of the impeller disc in the outlet zone, this seeming to be the dominant effect. Concerning stress design of highly loaded radial impellers, it was considered necessary to predict these dangerous effects in order to avoid failure. This was the reason for continuing the FE calculations for the whole impeller. The results are described in /6/, while other methods are suggested in /7/ and /8/.
Following a lot of parameter studies for a convenient element distribution with a reduced element number, a 90° section of a 20 bladed impeller with 18-element blades and the outer portion of the back plate was chosen (Figure 12 ). The calculated vibratory behavior of this structure confirmed several important vibrational effects observed previously for the operating compressor and in tests on the impeller at rest. The results demonstrated the great importance of the contribution of the impeller disc to vibration. The influence on the amplitude and phase constellations was particularly clear at higher frequency ranges. often observed in vibration tests at rest and during operation of the compressor. Here, one blade is nearly at rest while the others are vibrating with large amplitudes. These effects were usually explained by different blade thicknesses resulting in different sensitivity to blade excitation. Results of this calculation demonstrate that interactions between the blades, and especially due to different phase angles, are the reason for the non-uniform resonance behavior of the different blades. The different higher resonance mode shapes of the impeller system shown in Figure 12 are plotted in Figure 14 , where the blade structure has been neglected in the plots. These results were compared with the corresponding mode shapes of the ring section without blades. Figure 6 shows that, in the 90° impeller section, the vibration modes of the ring section are dominant. It is interesting to observe the superposition of the XI disc mode to all modes of the system shown in Figure 14 , representing a mode shape -according to the result in Figure 6 -with node-lines at the blade roots and maximum displacements between the blades. A resonance frequency of f = 5522 Hz was computed for this mode shape of the ring section of a 28-blade impeller; this represents a range of strong vibration as shown in Figure 5 . These calculations can be considered as the first step towards theoretical prediction of the vibratory behavior of the whole impeller to avoid the dangerous resonance effects which have been measured with operating compressors.
The Use of Holographic Interferometry for Blade Vibration Measurements
One fundamental disadvantage of strain gage measurements is the fact that information is obtained adjacent blades at the same measuring point do not necessarily mean that the stresses are characteristic for these two blades. It has already been mentioned above that coupling effects between all of the blades of an impeller influence the mode shapes, and so the stress maxima will probably be found at different points on the blade. With respect to this phenomenon, an investigation of an impeller at rest would not be satisfactory because essential ambient conditions such as the centrifugal force and the flow would not be taken into account.
Cooperation with the "Bremer Institut für angewandte Strahitechnik (BIAS)" enabled us to take one step forward in solving this problem.
An optical method to measure vibrations in rotating systems was developed /9/, and its reliability was proved in laboratory tests. The methodholographic interferometry -was used in conjunction with a rotating prism. The optical measurement method itself is described in /10, 11,12/, and results of radial blade vibration measurements are contained in /13, 14, 15/. It was necessary to find out whether the method would be applicable under the rough operating conditions of a highly loaded centrifugal compressor with heat, oil and powerful vibrations of the whole machine. Figure 15 shows the principle setup of the holographic measurement system as used on one of the radial compressor test rigs. Holographic interferometry is combined with a rotating prism, a derotator, which eliminates the rotating motion of the impeller. The main problem in applying this method to our machine was to mount all the optical components in a way which isolates vibration despite the considerable motion of the operating compressor. Further, it was very difficult to ensure that the prism rotated exactly at the rotational speed of the impeller. This was achieved by scanning 200 markers from the reverse of the impeller disc with a photo cell using an optical fiber. 
Conclusions
Results of an investigation of blade vibration on a high pressure ratio/high mass flow centrifugal compressor with thin blades are described. Blade excitation was shown to be dependent upon the type of the diffuser used. Experiments on compressors with different types of vaned diffusers showed less occurrences of the blade vibration due to stall effects in the inlet tip zone as it was detected on compressors with a vaneless diffuser. Strong blade vibration excited by the diffuser vanes was obtained at η « 17500 rpm; this was shown to be mainly due to vibration of the impeller outlet section. Blade flutter, which is a dangerous effect on axial compressors, was not observed during the investigation.
Blade excitation due to rotating stall cells was investigated for different diffusers. The occurrence of rotating stall turned out to be very much dependent on the diffuser used. Excitation of blade vibration was measured at amplitudes about twice those present before stall occurred. A further increase of blade excitation was obtained for the compressoi with the twisted diffuser at η = 8000 rpm. Compressor surge was investigated via blade vibration and flow measurements with respect to the danger of blade excitation. It can be concluded that blade vibration increases in short time intervals at the beginning and at the end of a surge cycle, and that blade excitation during surge was much stronger for the compressor with the vaned diffuser than for the vaneless diffuser configuration.
Results of an FE calculation of a 90° sector of the impeller showed some important aspects of the vibratory interactions between the blades and the impeller ring section at the outlet. The resonance frequency of the ring section in a blade mode with mode lines at the blade roots and maximum displacements between the blades was obtained at f « 5500 Hz; this is the range of occurrence of strong blade vibrations due to diffuser vane excitation.
Results of optical measurements using the method of holographic interferometry with a rotating prism to eliminate the rotational motion of the impeller are presented. In resonance operation, blade modes were obtained in the pure natural modes without variations of the patterns in the interferograms. Interactions between the blades themselves can be detected by the different vibration amplitudes due to phase angle effects. Operation of the compressor away from resonance is signified by the simultaneous occurrence of mixed blade modes and different natural modes. 
